Abstract. An important finding of recent tomographic studies is that the lower mantle, at a constant radius, has RMS variations of P-and S-wave velocity of ~0.1-0.2% and ~0.2-0.4% from average Earth models and these lateral variations correlate spatially. Both tomographic and free oscillation studies suggest that the magnitude of relative shear velocity variations is at least twice as large as the magnitude of relative compressional velocity variations. This result can be expressed as: v = (81nVs/81nVp) P > 2. In contrast, laboratory studies near ambient pressure have consistently found that the ratio of relative shear velocity variations to relative compressional velocity variations is near unity for metals and minerals generally, and mantle minerals, in particular. Laboratory studies further suggest, although not yet conclusively, that v is not strongly pressure or temperature sensitive. In this paper, we seek to determine whether high observed values of vcan be explained by the presence of 0.1-2.0% volatilerich partial melt heterogeneously distributed in the lower mantle. The H20 budget of the lower mantle is estimated to be 0.1-0.3 wt.% based on the present 3He flux, equation of state data for hydrous minerals, and shock devolatilization experiments which define a maximum radius of the Earth's primitive accretion core. The effect of hydrous melts on v is calculated using theories for the elastic properties of a two phase aggregate. Results indicate that, depending on aspect ratio and geometry, 0.1-2% partial melting in conjunction with ~100 K thermal anomalies can explain the seismic result so long as the compressibility of the melt differs by less than about 20% from the surrounding solid. On this basis, we conclude that small amounts of water-rich partial melt are a possible explanation for the large values of (81nVs/81nVp) P observed for the lower mantle.
Introduction
Seismic tomography yields three-dimensional global images of mantle structure. A number of images have been constructed using both body waves and surface waves (e.g., Nataf et al., 1984 Nataf et al., , 1986 Dziewonski, 1984; Hager and Clayton, 1989; Tanimoto, 1990; Davies, 1990; Inoue et al., 1990 ). An important feature of these results involves the relative variation of seismic velocities. The relative variation of compressional wave velocity, Vp, and shear wave velocity, Vs, from a radially averaged model at a given position in the Earth can be described by the parameter v
81nVs (1) v-81nVp e
The value of v obtained from comparing P-and S-wave velocity models in the lower mantle is 2-2.5 (Dziewonski and Woodhouse, 1987) . That is, relative anomalies of shear wave velocity are twice as large as relative compressional wave velocity anomalies in the lower mantle. Davies (1990) , in an inversion of teleseismic P-and S-wave data, obtained v • 2 for the globally averaged lower mantle although values greater than 4 were obtained in some regions. Tomographic studies may suffer from biases related to parameterization or noise (Romanowicz, 1991) . Free oscillation splitting functions are also sensitive to (•n Vs/•n V?)?. used this data to constrain vto lie between 1.7 and 2.6 with 75% confidence and with an optimal value of 2.3. In contrast, in a study of global long-period PcP-P and ScS-S arrival times, Pulver and Masters (1990) obtained a lower value for vof 1.7.
One assumption which can be reasonably made as giving rise to the simultaneous deviation above and below the average value for P and S velocity is that these are due to As shown in Fig. 1 , laboratory determinations of (•nVs/ •n V?)? at ambient pressure range from 0.7 to 1.4 for mantle minerals (Sumino and Anderson, 1984) . The discrepancy between the seismological results and the laboratory data has been ascribed to a number of factors including the effects of pressure, temperature, composition, and phase. Anderson (1987) proposed that the observed vvalues are intrinsic to the high pressure-high temperature environment of the Earth's interior. Attempts to verify this result using potential models for minerals have reached conflicting conclusions (Reynard and Price, 1990; Agnon and Bukowinski, 1990). At ambient pressure, v does not change significantly up to •1700 K (Isaak et al., 1989) . The application of pressure alone has not been found to have a significant effect on this quantity (Graham and Hilbert, 1988 Pressure (GPa) To obtain a theoretical model which provides a rationale for the high observed values of v, we examine the effect of 0.1 to 2% partially molten material in various geometries which we imagine is heterogeneously dispersed in the lower mantle. We assume that this heterogeneously distributed lower mantle melt which we also infer is rich in volatiles (1) Serpentine is taken to be representative of the phyllosilicates and thus contains most of the water carried by objects such as the primitive meteorites (e.g., C 1 chondrites) DUFFY 
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Seismic Velocity of a Lower Mantle Containing Small Quantities of Partial Melt
The effect of partially molten hydrous phases on seismic properties can be determined using theories for the elastic properties of a multiphase aggregate. Thus, we tacitly assume that what water is present in the lower mantle will, in analogy to the behavior of upper mantle assemblages, both strongly control the amount of partial melt and be preferentially partitioned into the melt phase. It has recently been demonstrated that water is soluble in silicate melts at lower mantle pressures and temperatures (Williams, 1990) . In order to treat the case of a partially molten rock, information about the geometry of the melt fraction must be included. Three different geometries for the melt fraction were considered here: sphere, tube, and disk. For tube-and sphereshaped melt inclusions, the self-consistent scheme (SCS) described by Watt et al. (1976) was used. In this method, the effect of interactions between the inclusions is approximately taken into account and the aspect ratio of the inclusions is fixed. A general expression for the effective bulk and shear moduli in the SCS approach is M*-M1 --12 2 1-1- Calculated sound velocities based on the SCS approach do not agree with measured velocities in sandstones with porosities between 4 and 17% (Dhaliwal and Graham, 1991) . This is believed to be due to the inflexibility of the fixedshape geometries. Walsh (1969) developed a theory in which the liquid phase is a dispersion of randomly oriented pennyshaped inclusions of variable aspect ratio. The self-consistency is removed for computational simplicity, however. The additional degree of freedom (variable aspect ratio) allows the sandstone data to be modeled successfully (Dhaliwal and Graham, 1991) 
Summary
Values of (•nVs/•nVp)? for the lower mantle from seismic tomography can be explained by the presence of variable amounts of hydrous partial melt induced by thermal variations of~ 100 K. The amount of partial melt required depends strongly on aspect ratio. For small aspect ratio (0.01-0.001) penny-shaped melt bodies, small melt fractions of 0.01-0.1% can satisfy the seismic observations. For larger aspect ratios or for fixed aspect ratio SCS calculations, the required melt fraction is larger: 0.5-2.0%. These conclusions are similar to those obtained in studies of the upper mantle low velocity zone (Shankland et al., 1981) . The bulk modulus of the melt must be comparable to the bulk modulus of the surrounding solid as well. While partial melting is one possible explanation for these features, other possible explanations exist as discussed above. Furthermore, there is considerable variability in the seismic determinations of (•nVs/•nVe)p. The existence of waterbearing phases and their state under lower mantle conditions are areas of active study. At present, the two upper bounds on the H20 content of the lower mantle derivable on the basis of shock devolatilization experiments (0.28% H20) and from the present 3He flux (0.08% H20) for the lower mantle are credible. Since initial partial melts of~1% from such a lower mantle might have 10-25% H20 contents, the partial melt model with 1-3% melt appears to provide a possible explanation for the value of v ~ 2-2.5 observed in the lower mantle. Questions remain about the stability of melts under lower mantle conditions. The issue depends on the density, viscosity, and degree of interconnectedness of the melt. The attenuation of seismic waves by partial melt depends on viscosity and aspect ratio of the melt bodies. A complete model ofpartial melting must explain the observed Q structure of the lower mantle as well. While these questions cannot be answered at present, the hypothesis that partial melting is responsible for large (•nVs/•nVv)v in the lower mantle remains a viable one.
